Abstract: Dissolved organic carbon (DOC) is a vital resource for heterotrophic bacteria in aquatic ecosystems. The bioavailability of fulvic acid,which comprises the majority of aquatic DOC, is not well understood.The present study examined the bioavailability of bulk DOC and fulvic acid from two contrasting but inter-relatedwater bodies: the Murrumbidgee River and adjacent Berry Jerry Lagoon. Bacteria utilised fulvic acids; however, bulk DOC was more bioavailable. Bacteria were able to utilise Murrumbidgee River DOC and fulvic acid more readily than Berry Jerry Lagoon DOC and fulvic acid, suggesting that the quality of carbon may be an important factor to consider when evaluating lateral exchange of nutrients between the main channel and floodplain. Chemical characteristics of fulvic acids appeared to explain some of the variation in fulvic acid bioavailability. The higher the molecular weight and complexity of the fulvic acid, the longer it took for bacteria to utilise the substrate (lag phase), but the larger the number of bacteria that grew on the substrate. The present study calls attention to the need for further multidisciplinary studies to address the quality of carbon in riverine-floodplain ecosystems. 
Introduction
Dissolved organic matter (DOM) is the major form of organic carbon in almost all aquatic ecosystems (Mann and Wetzel 1995; Findlay and Sinsabaugh 1999) . It may be considered to be one of the most important factors in determining the biotic functioning of a riverine ecosystem (O'Connell et al. 2000) , and plays an important role in energy flow (Fischer et al. 2002) . The turnover of dissolved organic carbon (DOC) is almost exclusively the domain of heterotrophic bacteria (Volk et al. 1997; Moran & Hodson 1990; Fischer et al. 2002) , due to their abundance, large surface-to-volume ratios, and ability to utilize the substrate at low concentrations (Moran & Hodson 1990) .
DOC is operationally defined as the fraction of organic matter that passes through a 0.45 μm filter (McDonald et al. 2004) . DOC consists mainly of an extremely complex mixture of organic acids (Sun et al. 1997) , and has been further operationally sub-divided into non-humic and humic substances.
Non-humic substances include known biomolecular classes of compounds, including lipids, carbohydrates, polysaccharides, amino acids, proteins, waxes and resins; while humic substances may be defined as being a category of naturally occurring, biogenic, heterogeneous, high molecular weight organic substances, that have not yet been chemically defined (McDonald et al. 2004 ).
Humic substances are further sub-divided into fulvic acids (soluble at all pH conditions), and humic acids (not soluble at pH<2). The division of DOC into humic and non-humic substances is operationally based, and may not be completely distinguishable from each other due to some natural non-humic solutes such as carbohydrates, being an integral part of the structural composition of humic solutes (Peuravuori et al. 2005) . Humic substances comprise the majority of DOC (Hertkorn et al. 2002) , with fulvic acid being the predominant humic substance in aquatic ecosystems (McKnight and Aiken 1998; Maurice and Namjesnik-Dejanovic 1999) .
The role of DOC as an essential component of the microbial food web is well known (Sun et al. 1997) .
What part of the DOC is consumed by the bacteria is a matter of debate, with two contrasting, although not necessarily mutually exclusive views (Volk et al. 1997) . Traditionally, it has been accepted that most of the turnover of DOC was accomplished via the metabolism of a small pool of labile, low molecular weight, and structurally simple compounds within the DOC (Hertkorn et al. 2002; Robertson et al. 1999) . Although present in low concentrations, these compounds undergo rapid turnover and satisfy most of the energy for heterotrophic bacteria (Volk et al. 1997 ).
Secondly, the complex nature of the high molecular weight fraction of DOC has caused dispute as to whether or not this fraction is readily utilized (Hertkorn et al. 2002) . Increasing evidence would suggest, however, that the high molecular weight compounds are in fact utilized (Amon and Benner 1996; Wetzel 1995) . These high molecular weight compounds, primarily humic substances (Volk et al. 1997) , may in part be biologically degradable (Moran and Hodson 1990) and indeed provide a thermodynamic stability to metabolism within lake and river ecosystems that is essential for the maintenance of efficient nutrient recycling (Wetzel 1998) . Given the predominance of fulvic acids in aquatic ecosystems, it may be these substances that provide the thermodynamic stability to metabolism within lake and river ecosystems. While knowledge about the contribution of humic substances to the food web is increasing, further research is needed in this area.
The degree to which DOC is bioavailable is likely a consequence of its source(s), chemical composition, arrangement of the various functional groups, and the ability to complex with other chemicals (McDonald et al. 2004) . Two main approaches have been used to investigate the quality of organic matter in terms of its ability to support bacterial growth. The first is to infer bioavailability from direct measurement of selected chemical properties, and the second is to examine the ability of organisms to utilize the organic matter and infer differences among the complex mixtures (Leff and Meyer 1991) .
When examining the ability of organisms to utilize the organic matter, DOC has either been studied as a substrate by itself, further fractionated into its operationally defined humic, non-humic substances (Obernosterer and Herndl 2000) , or separated into various molecular weight ranges (Engelhaupt and Bianchi 2001; Amon and Benner 1996) using ultrafiltration. The bioavialability of these various DOC components are then compared.
Billabongs, lentic waterbodies common to the floodplain of Australian rivers, differ considerably from the lotic riverine environment in terms of hydrology, physiochemical characteristics, and biological assemblages present (Boon 1991) . While bacterial metabolism is a key component of carbon processing in aquatic ecosystems (Rees et al. 2005) , there have been few studies on the utilization of carbon from both billabongs, and lotic systems (Rees et al. 2005; Castillo et al. 2003) .
Billabongs play an important role in the complex relationship that exists between the main channel and floodplain, serving as a nutrient storehouse for exchange with the river upon connection with the main channel (Gell et al. 2005 ). This exchange is important, however, few studies have examined the quality of DOC from the two environments. Given the different environmental conditions between a river and an associated billabong, it is possible that the quality of organic matter may differ.
To address these knowledge gaps, we quantified bacterial growth on DOC and fulvic acid from an Australian floodplain river and billabong. Chemical characterisation was conducted on fulvic acid fractions to determine compositional differences between the two environments, and relate these to bioavailability trends. Suwannee River fulvic acid served as a reference.
Methods

Study Site
The (Page et al. 2005) when levels were sufficiently high to allow this study.
Preparation of DOC
DOC was regarded as the 0.45 μm filtered river or lagoon water. Water samples were pre-filtered first through a 90 mm GF/C filter and then filtered using a SolvCycle Nalgene® filtration apparatus fitted with Advantec MFS 0.45 μm mixed cellulose ester or cellulose acetate membrane filters to obtain DOC. DOC samples (20 L) were frozen until needed for bioavailability experiments. The remaining DOC was used to extract fulvic acid samples.
Isolation of fulvic acids
Fulvic acids were isolated using Supelite DAX-8, as per the method outlined by the International Humic Substance Society (Thurman and Malcolm 1981) . Briefly, 50 g of Supelite™ DAX-8 resin was added to the filtered 4 L water sample (adjusted to pH 2.0 with concentrated HCl) and stirred for 30 minutes. The DAX-8 resin was allowed to settle, supernatant decanted, and the slurry collected in a 10 mm diameter glass chromatography column fitted with a frit.
Humic and fulvic acids were eluted from the resin with 0.1 M NaOH, and acidified to pH 2.0 immediately with concentrated HCl to avoid oxidation of the humic substances (Thurman and Malcolm 1981 ). The humic substances were then re-concentrated onto DAX-8 resin, and again eluted with 0.1 M NaOH. Humic acid was separated from the fulvic acid by lowering the pH to <1.0 (concentrated HCl), and allowing the humic acid to aggregate overnight at 4°C in the dark. The humic and fulvic acid suspension was then centrifuged at 3,000 rpm for 10 min, and filtered through a
Whatman GF/C filter to remove the humic acid.
The fulvic acid fraction was adjusted to pH 2.0 with 1.0 M aqueous NaOH and re-adsorbed onto the DAX-8 resin. The DAX-8 resin was then rinsed with one bed volume of Milli-Q water, and fulvic acid desorbed with 0.1 M NaOH. Fulvic acid was immediately passed through an Amberlite IR-120 (H) resin, frozen, and freeze-dried.
Suwannee River fulvic acid (SRFA 1R101F) was purchased through the International Humic Substance
Society to serve as a reference.
Preparation of samples for bioavailability studies
Solutions of Berry Jerry DOC and fulvic acid, Murrumbidgee River DOC and fulvic acid, and Suwannee
River fulvic acid were prepared as follows. All fulvic acid solutions were made by re-dissolving fulvic acid powder in Milli-Q water to give a final concentration of 20 mg C L -1 and volume of 500 mL.
Berry Jerry DOC and Murrumbidgee River DOC were thawed (refer to collection and preparation of water samples) and made to a volume of 500 mL. The concentrations of DOC in the lagoon and river were 114 mg C L -1 and 10.9 mg C L -1 respectively.
Inorganic phosphorus (10 μM, analytical grade KH 2 PO 4 ; Ajax Finechem, Sydney, Australia) and nitrogen (20 μM, analytical grade NH 4 NO 3 ; Ajax Finechem, Auburn, Australia) were added to all solutions so that they were not nutrient limited, and the pH adjusted to 7 with NaOH (1.0 M). A solution of Milli-Q water plus inorganic nutrients served as a control.
The solutions were filter-sterilized by passing through a 0.2 μm membrane filter into acid washed, autoclaved 500 mL conical flasks. Sterile stirrer bars were added to the flasks, and the flasks stoppered with sterile cotton wool plugs. Solutions were stirred using magnetic stirrers and bars, to simulate aerobic conditions in the natural environment. Analyses were carried out in duplicate at ambient.
Preparation of natural microbial inoculum
Water samples were collected from the Murrumbidgee River water column in 10 L carboys. Prior to sampling, each carboy was acid washed, rinsed several times with Milli-Q water. The Milli-Q water was allowed to stand overnight in the containers to ensure the adequate removal of contaminants.
Carboys were then rinsed twice with sample water before filling.
Water was collected (1.0 L), and filtered through two GF/F filters (Whatman, 0.7 μm) to remove protozoa and other bacterivores, without removing all bacteria (Wetzel & Likens 2000; Miller & Moran 1997; Goldstone et al. 2002) . The water was placed in an acid washed, autoclaved Schott bottles and yeast extract (1 mL of 1000 mg L -1 stock solution, giving a final concentration of approximately 1.0 mg L -1 ) added. These samples were then placed in the dark for 24 hours before collecting bacterial assemblages over a 0.45 μm filter, and re-dissolving them in 5 mL of filtersterilized Milli-Q water. Immediately, 1.5 mL of the bacterial inoculum was added to each fulvic acid and DOC solutions (containing nitrogen and phosphorus), to give an initial concentration of approximately 3.0 x 10 4 cells per mL.
Bacterial Enumeration
Bacteria were incubated in the DOC and fulvic acid solutions for nine days at ambient temperature, and bacterial numbers counted at 0, 1, 2, 3, 4, 7 and 9 days. Enumeration of the bacteria was achieved using epiflourescence microscopy to identify the stained bacteria (LIVE/DEAD BacLight bacterial viability kit, Molecular Probes, Oregon, USA).
Briefly, using aseptic techniques, ten ml of DOC and fulvic acid solution containing bacteria, were taken at intervals of 0, 1, 2, 3, 4, 7 and 9 days, and added to sterile centrifuge tubes. The live/dead dye (3.0 μL) was added to the centrifuge tubes and mixed. The solutions were stored in the dark for 10 minutes and then fixed with formaldehyde (2% final concentration). Bacteria were collected on 0.22 μm black polycarbonate filters (25mm, Osmonics Inc., USA), the filters transferred onto a glass slide, and the under-side of the slide heated mildly to drive off excess water. A glass cover slip was mounted onto the slide using mounting oil, and the edge of the cover slip was sealed with clear nail polish.
Microscope slides were viewed using a Nikon Eclipse E1000 microscope (Tokyo, Japan), fitted with a Nikon digital still camera DXM 1200, at a magnification of x1000 (oil immersion lens). Images were viewed using ACT-1 version 2.20 software on a Dell, Pentium 4, 37.2 GB, 1.0 GB RAM computer.
Bacterial numbers were calculated according to the formula in Boulos et al. (1999) :
Where T is the number of bacteria per ml, N is the average number of bacteria per field, A is the surface of filtration (mm 2 ), a is the area of the microscopic field, and V is the volume of sample filtered (mL). Bacterial numbers were estimated from counts of 10 microscopic fields using two replicates for each sample (Boulos et al. 1999 ), achieving at least 300 cells for each sample (Wetzel and Likens 2000) .
Enumeration of bacteria in fulvic acid and DOC samples over nine days of incubation resulted in a growth curve with a lag, log and stationary phase. Live cells accounted for greater than 95% of total bacteria growing in all DOC and fulvic acid samples, with only live cells being counted. Bioavailability was determined by comparing the maximum number of bacteria between samples (referred to as bacterial abundance). Further information about the bioavailability of the carbon sources was obtained by measuring the mean growth rate and lag phase of the curve. The mean growth rate was calculated from the slope of the growth curves during the 'log phase' for duplicate samples, and is expressed as cells mgC -1 day -1
. The lag phase was taken to be the number of days before reaching the log phase.
Size-exclusion chromatography
Many studies have focused on molecular size as being an important factor for determining microbial utilization of humic substances (Hunt et al. 2000) . High-performance size exclusion chromatography is the most extensively used (Peuravuori et al. 2005) , and well-established (Reemtsma and These 2003) technique for measuring the molecular weight distribution of humic substances. It was therefore used to determine the apparent molecular weight of fulvic acids in this study. A Waters Ultrahydrogel 250 column (7.8 mm x 300 mm, pore size 250 A°) was used, with an exclusion limit of 8x10 4 g mol -1
Size-exclusion chromatography was conducted using a Varian
. Absorbance of fulvic acids was detected at 254 nm. Isocratic elution was conducted at a flow rate of 1.0 mL min -1 with a 10 mM ammonium acetate mobile phase. The
Ultrahydrogel 250 column was calibrated with poly (styrenesulfonate) sodium salt standards to give a linear equation of y = -1.0809x + 9.8154, where y = log M, and x = retention time (min). Number (M n ) and weight-average (M w ) molecular weights were determined using the following equations:
Number-average molecular weight is the weight of the average molecule in the mixture (Zhou et al. 2000) . The weight-average molecular weight is the weight of the molecule to which the average atom belongs (Zhou et al. 2000) . Polydispersity indicates how widely distributed the molecular weights are, and was calculated by dividing weight-average by number-average molecular weight. (Cardoza et al. 2004) , with certain peaks corresponding to various functional groups and classes of compounds (Engelhaupt and Bianchi 2001 (0-32), complex (32-53) and methoxyl . 63-90 ppm (o-alkyl) (Peuravuori et al. 2003; Bianchi et al. 2004) .
Total organic carbon analysis
Total organic carbon content of the solutions was measured using a Rosemount Dohrmann DC-190 TOC analyzer according to Zander et al. (2005) 
Chlorophyll a
Analysis of chlorophyll a (Table 1) was undertaken in quadruplicate using the method of Tett et al. (1975) . Briefly, 400-500 mL of water was filtered through a Whatman GF/F filter paper, the filter paper then placed into a 10 mL centrifuge tube with approximately 150 mg of MgCO 3 and10 mL of 90% aqueous methanol to stabilize pigments. The centrifuge tubes were then stored for 24 h at 4°C.
After 24 h, the tubes were placed in a 70°C water bath, and the aqueous methanol was allowed to boil for 2 min. The tubes were then centrifuged for 3 min at 4500 rpm. Samples were allowed to cool, and the absorbance measured using a Varian Cary 50 Conc UV-vis spectrophotometer at 750 and 666 nm. Correction for pheophytin-a was performed by acidification with 1.0 M HCl. 90% methanol solution served as a blank.
Statistics
Data was analysed using S-Plus software (version 7.0). A Kruskal-Wallis rank sum test with multiple comparisons (Pace 1999 ) was performed to reveal significant differences in the bacterial abundance between carbon sources (Table 2) . Bacterial abundance was defined as the maximum number of bacteria per mL. One-way analysis of variance (ANOVA) with Tukey's post hoc multiple comparisons test was used to determine whether there was a significant difference between the number and weight average molecular weight of the fulvic acid samples (Table 3 ). Significant differences were determined with an α error level of P<0.05.
Results
Bacterial growth
Bacterial abundance on Berry Jerry Lagoon DOC was significantly higher than the Murrumbidgee River DOC (31 x 10 6 cells mL -1 for Berry Jerry Lagoon DOC and 17 x 10 6 cells mL ) ( Table 1) . After concentration corrections were made, the maximum number of bacteria per mg of carbon was higher for Murrumbidgee River DOC than Berry Jerry DOC (Figure 2 , C).
Bacterial abundance was significantly higher for DOC than its fulvic acid counterpart for both the Murrumbidgee River and Berry Jerry Lagoon ( Figure 1A and B, and 2 A and B). Further, bacteria grew almost immediately on the Murrumbidgee River DOC, whereas, there was a two-day lag phase before bacteria were able to utilize the Murrumbidgee River fulvic acid. A one-day lag phase was apparent for both DOC and fulvic acid from Berry Jerry Lagoon.
Significant differences in the bacterial abundance for Berry Jerry Lagoon and Murrumbidgee River fulvic acid occurred (Table 2 ). Bacterial abundance was lower for Berry Jerry Lagoon fulvic acid than for the Murrumbidgee River fulvic acid. Bacterial abundance was not significantly different between Suwannee River and Murrumbidgee River fulvic acid.
Both the time taken to reach maximum abundance, and lag phase differed for each fulvic acid sample. Bacterial abundance reached its maximum in four-days for all samples, except Suwannee
River fulvic acid which took seven days. Additionally, the lag phase for the Berry Jerry Lagoon, Murrumbidgee River and Suwannee River fulvic acid samples all differed, being one, two and three days, respectively.
Bacterial growth rate was highest on Murrumbidgee River DOC (Figure 3 ), followed by Murrumbidgee River fulvic acid, Berry Jerry Lagoon DOC, Suwannee River fulvic acid, and finally Berry Jerry Lagoon fulvic acid.
Chemical characteristics
Fulvic acid samples varied in their chemical characteristics. Suwannee River fulvic acid had a higher apparent molecular weight than Murrumbidgee River fulvic acid, followed by Berry Jerry Lagoon fulvic acid (Table 3 ). The lower apparent molecular weight and polydispersity of Berry Jerry Lagoon fulvic acid indicates that this organic matter is not as complex as the Murrumbidgee or Suwannee River fulvic acids. This conclusion was supported by the size-exclusion chromatogram of Berry Jerry fulvic acid having three distinct molecular weight regions, compared to the one broad molecular weight region of the Murrumbidgee and Suwannee River fulvic acid (Figure 4 ).
Solid-state NMR spectra revealed that Berry Jerry fulvic acid was more aliphatic than either the Murrumbidgee or Suwannee River fulvic acid samples. Murrumbidgee River fulvic acid was slightly more aromatic than Suwannee River fulvic acid. Four main bands were prevalent in the spectra for all fulvic acid samples, corresponding to aliphatic, o-alkyl, aromatic, and carboxylic acid functional groups. Most of the variation between the samples occurred in the aliphatic and aromatic regions of the spectra.
Discussion
Fulvic acids isolated from the Murrumbidgee River and Berry Jerry Lagoon were bioavailable.
Bacteria grew more readily, however, on the bulk DOC than the fulvic acid fraction from the same source. This would suggest then, that non-humic substances play an important role in the bioavailability of DOC in aquatic ecosystems. The extent to which non-humic substances are bioavailable, or their role in co-metabolism with humic substances is beyond the scope of this study.
Other studies have shown that while bacteria do grow on fulvic acid, the ability of bacteria to utilize the non-humic fraction of DOC as a whole is generally better. For example, Rosenstock et al. (2005) found that 74 to 88% of the total growth on oceanic DOC was attributed to non-humic substances. In another study, non-humic substances were shown to support a fourfold increase in the bacterial secondary production compared to the humic substances from lake and blackwater swamp DOC (Moran and Hodson 1990) . 22% and 53% of the total bacterial growth from the lake and blackwater swamp respectively were attributed to the humic substances (Moran and Hodson 1990) .
It is also possible that differential growth on the various carbon sources was a consequence of the quality of carbon. Precautions were taken to minimise differences among treatments by using filter sterilisation techniques to remove extraneous microorganisms from DOC and fulvic acid samples, adding a common inoculum, and adding sufficient nitrogen and phosphorus to be non-limiting. Thus, major differences among samples were the carbon concentration (replicating natural conditions) and quality. The data were normalized to carbon concentration (Leff and Meyer 1991) to remove this as a variable, leaving quality as the major difference between treatments. Bacterial utilization differences are evident even when carbon concentration is not normalized, e.g. Figure 1A shows that bacteria grew more readily on the Murrumbidgee river DOC than the fulvic acid fraction, even though the fulvic acid carbon concentration (20 mg C L ). Upon normalizing carbon concentration, it becomes evident that bacterial abundance per mg of carbon was higher on the Murrumbidgee River DOC than Berry Jerry Lagoon DOC ( Figure 2C , c.f. Figure 1C ). While it is now recognized that bacterial metabolism is a key component of carbon processing in aquatic ecosystems (Rees et al. 2005) , it is unclear as to what component of the carbon is important for metabolism. Given that fulvic acids were less bioavailable in this study than the DOC from their respective environments, it may be possible that the higher humic content of Berry Jerry Lagoon (Table 1 ) resulted in reduced bacterial abundance on the DOC.
Differences in bioavailability may also be due to intrinsic chemical characteristics of the DOC. Studies have shown a close link between bioavailability and chemical characteristics of organic matter (Waiser and Robarts 2000; Hopkinson et al. 1998; Sun et al.1997) . While no chemical characterisation of River or Lagoon DOC was conducted, the major component, fulvic acid, was characterised. Fulvic acids from the Lagoon and River differed in their chemical characteristics, having implications for their bioavailability. Murrumbidgee River fulvic acid had a higher apparent molecular weight, and was more aromatic than Berry Jerry Lagoon fulvic acid, however, the lagoon had higher bacterial abundance than the river fulvic acid. Furthermore, Suwannee River fulvic acid, which had a higher molecular weight than Murrumbidgee River fulvic acid, also resulted in higher bacterial abundance. This indicates that high molecular weight was not necessarily detrimental to the quality of organic matter.
Another trend relating to the complexity of the fulvic acid was the lag phase, and time taken to reach the maximum number of bacteria. Initial growth on the more complex, higher molecular weight, aromatic fulvic acids was slow (longer lag phase), however, bacteria grew to higher numbers.
Bacteria are able to break down and utilize compounds either by direct, ectoenzyme-mediated or sorption-mediated uptake (Findlay & Sinsabaugh 1999) . The longer lag phase would suggest that bacteria needed more time to break down the fulvic acids by one or more of these mechanisms.
Once the bacteria were able to break down some of the compounds in the fulvic acid fraction, they could then be utilized as a food source.
The more complex the fulvic acid, the more compounds are likely to be present, and available for bacteria to utilize; leading to higher bacterial numbers. For example, Suwannee River fulvic acid had a higher average molecular weight than the Murrumbidgee River fulvic acid, followed by Berry Jerry Lagoon fulvic acid. It took the bacteria three, two and one day respectively (lag phase) to begin to grow on the fulvic acid. After seven days, the maximum number of bacteria growing on Suwannee River fulvic acid was higher than the maximum reached after four days for the Murrumbidgee River and Berry Jerry Lagoon fulvic acid. These results would suggest that, the less complex carbon sources could be utilized quicker, but the more complex carbon sources would provide substrate for increased bacterial numbers.
Molecular size has received great interest as a factor for indicating bioavailability of humic substances and DOC (Hessen and Tranvik 1998) . Apparent molecular weight appeared to explain some of the variation in bioavailability between fulvic acids; however, the results were not consistent with the traditional view that lower molecular weight compounds are more readily utilized than the higher molecular weight (HMW, > 1 KDa) components. Studies conducted by Amon and Benner (1996) on oceanic DOM found that the HMW DOC pool was typically larger than the pool of low molecular weight (LMW, <1 KDa) DOC. They hypothesized that this was due to the origin of the HMW components being more recent than the LMW components. The LMW components have been diagenetically altered, and are less bioavailable than the HMW DOC. Riverine environments are considered transition zones, typically dominated by diagentically younger, and therefore higher molecular weight materials (Amon and Benner 1996) . It may be that fulvic acid from Berry Jerry Lagoon had been diagenetically altered to a greater extent than the Murrumbidgee River, rendering it slightly less bioavailable. Indeed, previous studies have shown that the molecular weight of Berry Jerry Lagoon fulvic acid decreased seasonally during 2004, while the molecular weight of Murrumbidgee River fulvic acid did not alter significantly during the same time (McDonald et al. 2006 ). The molecular weight of the Murrumbidgee River fulvic acid remained higher than Berry Jerry
Lagoon (McDonald et al. 2006) . As the Lagoon is a lentic environment, and had no connectivity to the Murrumbidgee River during the course of the study due to drought, it may be possible that the DOC in the Lagoon had undergone more biological processing than the Murrumbidgee River.
The relative importance of floodplain carbon inputs and in-stream metabolic processes has not been well quantified in major Australian rivers (Vink et al. 2005) . One study has shown that metabolism in the Murrumbidgee River may be fuelled by allochthonous carbon (Vink et al. 2005) , although, net heterotrophy was not as strong as other large river systems due to river regulation. It is not clear what type of carbon source fuels the Lagoon, and further studies would have to be conducted to identify the relative importance of allochthonous and autochthonous inputs into the Lagoon.
The relative aromatic/aliphatic nature of the fulvic acids in this study were not consistent with the view that humic matter with a higher aliphatic content was more available as a growth substrate (Hessen and Tranvik 1998) . Berry Jerry Lagoon fulvic acid was more aliphatic and less polydisperse than Suwannee River fulvic acid and Murrumbidgee River fulvic acid, but it had the slowest growth rate of bacteria, and lowest maximum number of bacteria. This may also have been a consequence of more processing occurring in the Lagoon.
Billabongs are thought to play an important role in the exchange of resources between the main channel and terrestrial floodplain ecosystems (Gell et al. 2005) . These studies indicate that the quality of organic matter from the main channel, in terms of its ability to be utilized by bacteria, may be important for floodplain habitats. In contrast to Berry Jerry Lagoon DOC, bacteria were able to utilize Murrumbidgee River DOC immediately. In terms of the fulvic acid fraction, Berry Jerry Lagoon fulvic acid could be utilized more quickly than Murrumbidgee River fulvic acid, however, Murrumbidgee River fulvic acid resulted in higher bacterial growth. Additional studies on the sources, age, and diagenesis of DOC and fulvic acids across more Australian rivers and associated billabongs would provide further insight into the role of DOC as a food source. 
